Although childhood cancer survival rates have dramatically increased, survivors face elevated risk for life-threatening late effects, including secondary cancer.
M
ore than 10 000 children and adolescents receive a diagnosis of cancer in the United States each year (1) . Since the 1960s, advances in treatment have dramatically reduced mortality rates. Five-year survival rates now approximate 80% for children who receive a diagnosis of cancer. As the population of more than 300 000 long-term survivors in the United States continues to grow and the damaging effects of treatment become more widely recognized, a better understanding of the impact of late effects on survivors' health is needed (2) .
Several long-term studies on the late effects of disease and treatment have emerged in recent years (3) (4) (5) (6) (7) (8) (9) (10) (11) . The most recent cohort study provides natural history data and suggests that 5-year survivors of childhood cancer who received a diagnosis before 1990 face an 8.4-fold increased risk for death compared with the general population (9) . In particular, survivors face higher risks for death from subsequent cancer, cardiac events, and pulmonary complications. Survivors also have a higher prevalence of chronic conditions, with as many as two thirds reporting at least 1 chronic condition and one fourth reporting a severe disabling or life-threatening condition (12) . Although these studies suggest that the incidence of these conditions steadily increases with time, the full extent of disease-and treatment-related late effects has yet to be realized.
Although long-term studies estimate the excess mortality risk that survivors face in the decades immediately after initial diagnosis, the cumulative lifelong effect of these risks on overall mortality in life-years lost is uncertain and has not been previously quantified. By using a model-based approach, we estimated the overall effect of disease-and treatment-related mortality risks on the life expectancy of survivors of childhood cancer.
METHODS

Model Structure
We developed a state-transition model to simulate the lifetime clinical course of survivors of childhood cancer (Figure 1 ) (13) . At the start of the simulation, a cohort of 5-year survivors of childhood cancer enters the model. Each month, individuals face competing mortality risks, which we categorized as the risk for death from the original cancer diagnosis (late recurrence); excess mortality from nonrecurrence late effects (subsequent cancer and cardiac, pulmonary, external, and other complications); and background mortality (age-specific mortality rates for the general population). By following persons throughout their lifetime and recording cause-specific mortality, the model estimates the following outcomes for cohorts of survivors of childhood cancer: lifetime cause-specific mortality, life expectancy, cause-specific attributable proportion of overall mortality risk, and conditional 10-year mortality probabilities. We calculated loss in life expectancy as the difference in life expectancy between a cohort of survivors and a cohort representative of the U.S. population (which faces zero risk for recurrence or treatment-related mortality). We conducted sensitivity analyses to assess how key variables and assumptions might influence results, including a probabilistic sensitivity analysis using second-order Monte Carlo simulations to more fully account for uncertainty. We constructed the model by using TreeAge Pro Suite 2006 (TreeAge Software, Williamstown, Massachusetts). Table 1 summarizes selected variable estimates (9, 14) . For our base-case analysis, we simulated a cohort of 5-year survivors of childhood cancer aged 15 years (mean age at diagnosis, 10 years), which represented that of the Childhood Cancer Survivor Study (CCSS)-the largest, multiinstitutional, retrospective study of U.S. persons who have survived at least 5 years after childhood cancer treatment (Appendix, available at www.annals.org) (15) . The survivors originally received a diagnosis before age 21 years from 1970 to 1986. We based variable estimates for each of the competing risks on a recent analysis of mortality from the CCSS, which included approximately 339 000 personyears of observation and 2820 deaths (9) . The data from this analysis are the most comprehensive estimates available to date and reflect time-since-diagnosis estimates for each late effect-associated mortality risk (data previously unavailable in any published large population-or hospitalbased cohort study).
Model Inputs and Assumptions
Mortality From Late Recurrence
Individuals faced risk for death from recurrence of the original cancer. The risk varied by years since diagnosis and was highest 5 to 9 years after diagnosis (0.0099 per year). Risk for death declined 30 to 34 years after diagnosis (0.0005 per year). For 35 years or more since diagnosis, we assumed that risk remained at the same level as that for 30 to 34 years since diagnosis, because follow-up data for the period were not yet available from the CCSS.
Nonrecurrence Excess Mortality
Persons faced excess risks for death from disease-and treatment-related late effects. We used published absolute excess risk (AER) estimates, which were based on causespecific standard mortality ratios derived from multivariate Poisson regression (9) , to show the additional mortality risk that survivors of childhood cancer faced compared with the general population (16) . On the basis of death certificate data and International Classification of Diseases, At the start of the simulation, a cohort of 5-year survivors of childhood cancer enters the model. Each month, they face a risk for late-recurrence mortality, nonrecurrence excess mortality, and background mortality. Nonrecurrence excess mortality includes risks associated with subsequent cancer; cardiac, pulmonary, and external causes; and other causes. Persons are followed throughout their lifetime.
Context
Many people who received treatment for childhood cancer survive cancer and live into adulthood; therefore, it is important to understand the late health effects of childhood cancer treatments.
Contribution
The researchers developed a computer model to simulate outcomes for persons who survived at least 5 years after receiving treatment for childhood cancer. Survivors face health risks that shorten their life span by about 10 years on average.
Caution
Data used in the model reflected treatments that were used 20 to 40 years ago.
Implication
Survivors of childhood cancer face health risks from cancer recurrence, treatment-related cancer, and other treatmentrelated problems. Close follow-up and less toxic treatments may improve outcomes among childhood cancer survivors.
-The Editors
Article (9) . Because data were unavailable for 25 years or more since diagnosis, we assumed that nonrecurrence excess mortality risks remained constant at the levels of 20 to 24 years since diagnosis.
Background Mortality
Individuals also faced age-and sex-specific general population mortality rates on the basis of U.S. life tables from the National Center for Health Statistics from 1979 to 1998 (17).
Subgroup Analyses
For specific analyses related to diagnosis age, treatment era, sex, and cancer diagnosis, we incorporated subgroupspecific mean age at diagnosis and risks for late-recurrence mortality and nonrecurrence excess mortality ( Table 1) . We used constant mortality risk estimates because data by years since diagnosis were unavailable for subgroups. Data for the overall cohort suggest that for late recurrence, the risk for mortality dramatically decreases with time; for nonrecurrence excess mortality, the risk increases as survivors age (9) . Therefore, for subgroup analyses, we assumed that the risk for late-recurrence mortality was negligible after 35 years since diagnosis, and the risks associated with nonrecurrence late effects were lifelong at constant rates.
Sensitivity Analysis
We conducted univariate sensitivity analyses to assess the stability of results of base-case model estimates. We established a plausible range for each model variable by using 95% CIs (Appendix, available at www.annals.org) and varied each one over its range while we held other variables constant (9) . We also used U.S. life tables from 1970 to 2004 to evaluate the effect of differential background mortality rates on results (17, 18). To show the uncertainty in our estimates, we conducted a probabilistic sensitivity analysis by using 1000 second-order Monte Carlo simulations in which all values were simultaneously varied (except for background mortality) by using normal distributions based on 95% CIs, assuming a value of 0 for any negative numbers that occurred from sampling.
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RESULTS
Model Validation
To assess the external validity of the model, we compared modeled output with data not used to construct the model. At 15 years since diagnosis, the proportion of all deaths attributable to recurrence (model estimate vs. range, 69% vs. 69% to 74%), subsequent cancer (12% vs. 6% to 16%), and all other noncancer causes (18% vs. 10% to 23%) approximated published estimates from large hospital-and population-based cohort studies in the Nordic countries (original cancer diagnosed from 1960 to 1989) (5), the Netherlands (1966 to 1996) (6), and Canada (1970 to 1995) (7) (Appendix, available at www.annals.org).
Overall Cohort (Base Case) Lifetime Cause-Specific Mortality
For a cohort representative of the CCSS, we found that the average lifetime cause-specific probability was 0.10 for late-recurrence mortality, 0.20 for nonrecurrence excess mortality (subsequent treatment-related cancer, 0.10; cardiac, 0.03; pulmonary, 0.02; external causes, Ͻ0.001; other causes, 0.05), and 0.70 for background mortality ( Table 2) . Combined, childhood cancer or its late effects were responsible for 30% of overall mortality probability (Appendix, available at www.annals.org).
Life Expectancy
For a cohort of 5-year survivors of childhood cancer that was diagnosed at age 10 years, the model projected a conditional life expectancy of 50.6 years. Compared with the model projection of 61.0 years for a cohort representative of the general population (0.6% discrepancy from the National Center for Health Statistics from 1989 to 1991) (17), our estimate represented a loss in life expectancy of 10.4 years (17.1%) (Appendix, available at www .annals.org) but differed depending on age at diagnosis, treatment era, and type of cancer (see the Subgroups section below). Figure 2 shows how the overall risk for death each year attributed to each competing risk changed over time. From 5 to 40 years after diagnosis, the risk for death from cancer-or treatment-related causes exceeded background mortality in the general population. Beginning at 45 years after diagnosis, however, the risk for death from background causes exceeded the risk for all late effects combined.
Cause-Specific Attributable Proportion of Overall Mortality Risk
Conditional 10-Year Mortality Probabilities
The model projected that for survivors who reached age 40 years, the probability of dying before age 50 years was 0.11. For survivors aged 60 years, the probability of dying before age 70 years was 0.25. As such, compared with the general population, the relative likelihood of dying within 10 years decreased from 3-fold among persons aged 40 years to 1.4-fold for those aged 60 years.
Subgroups
The model estimated that persons who received a diagnosis at an older age or received treatment in earlier eras had greater loss in life-years ( Table 2 ). The loss in life-years was similar for men (9.0 years [15.7%]) and women (10.0 years [15.6%]). By diagnosis, the reduction in life expectancy ranged from 4.0 years (6.0%) for kidney tumors to more than 17.0 years (Ն28.0%) for selected brain tumors and Ewing sarcoma. For all subgroups, the relative likelihood of dying within 10 years also decreased with age (1.3 to 3.1 for persons aged 40 years to 1.1 to 1.2 for persons aged 60 years) (Appendix, available at www.annals.org).
Sensitivity Analyses
We conducted a series of sensitivity analyses to evaluate the effect of alternative assumptions on the reduction in life expectancy for the base-case cohort (Appendix, available at www.annals.org). We found that results were sensitive to reductions in late-recurrence mortality risk; this may result from more effective modern treatments or safer or lower-dose treatments that reduce the magni-tude or duration of risk for subsequent treatmentrelated late effects, specifically for subsequent cancer and other causes. For example, if the excess risk for subsequent cancer was reduced by 50%, the loss in life expectancy declined from 10.4 to 9.0 years, a decrease of nearly 15%. If the risk for late-recurrence mortality also decreased by 50%, the loss in life-years was 6.9 years, a combined decrease of 33%.
We analyzed several scenarios to provide insight on how late-recurrence and nonrecurrence excess mortality risks affected overall reduction in life expectancy. If survivors were only at risk for late-recurrence mortality (and negligible risk for all nonrecurrence late effects), the reduction in life expectancy was 4.8 years for the overall cohort (base case, 10.4 years) and ranged from 1.1 to 14.2 years for diagnosis-specific subgroups. If persons did not have relapse but were at risk for non-relapse-associated mortality, the loss was still 6.2 years. Reduction varied for diagnosis-specific subgroups (range, 0.9 to 7.4 years), depending on the magnitude of nonrecurrence mortality risk. For example, if survivors were at risk for only nonrecurrence excess mortality, the reduction in life expectancy for medulloblastomas, which have substantial late-recurrence mortality risk, decreased from 17.3 years to 4.3 years. In contrast, for kidney tumors, which have relatively low risk for laterecurrence mortality, the life expectancy reduction decreased from only 4.0 to 2.9 years (see Appendix, available at www .annals.org, for additional details).
Because follow-up data for more than 35 years since diagnosis are not yet available, we also conducted a sce- † Conditional on surviving initial cancer diagnosis for 5 y after diagnosis, such that overall life expectancy ϭ mean age at diagnosis ϩ 5 y ϩ conditional life expectancy. For example, overall life expectancy for the base case ϭ 10 y ϩ 5 y ϩ 50.6 ϭ 65.6 y. ‡ Based on deterministic results. § Based on probabilistic sensitivity analysis. Based on years since diagnosis-specific mortality rates. ¶ Based on constant nonbackground mortality rates.
nario analysis in which the risk for recurrence and excess risk for nonrecurrence late effects were negligible for persons aged 45 years. For the overall cohort, the reduction in life expectancy was 8.2 years (base case, 10.4 years; diagnosis-specific results ranged from 3.0 to 16.4 years; see Appendix, available at www.annals.org). The probability of late-recurrence mortality remained largely unchanged (base case, 0.09 vs. 0.10) for the overall cohort, although the risks for death from excess subsequent cancer; cardiac, pulmonary, or external causes (base case, 0.08 vs. 0.15); and other causes (base case, 0.02 vs. 0.05) were considerably lower. These results suggest that recognition and treatment of illnesses associated with late effects in the first 35 years after therapy for childhood cancer will probably result in improved longevity. Probabilistic sensitivity analysis, reflecting uncertainty, suggested that the reduction in life expectancy for the overall cohort ranged from 8.9 to 12.2 years. Table 2 shows uncertainty intervals for all subgroup analyses. The reduction in life expectancy increased with age at diagnosis, which is probably associated with age-specific cancer subtypes. In addition, from 1970 to 1981, serial reductions in the impact of late effects on life expectancy were observed, although improvements seemed to level off between 1982 and 1986. The Appendix (available at www.annals.org) shows additional details.
DISCUSSION
Five-year survivors of childhood cancer face considerable excess mortality risks during adulthood. By using data from the CCSS, which is based on 26 collaborating U.S. and Canadian institutions that treat children with cancer and is considered largely representative of the population of U.S. cancer survivors, we provided valuable information on the prognosis for cancer survivors by translating mortality risks into losses in life expectancy and distinguishing between late cancer recurrence and other disease-and treatment-related late effects. We estimated that these survivors, depending on their original cancer diagnosis, will live 4 to 18 fewer years on average than similar-aged general populations-a reduction in life expectancy of up to 28%. Approximately 1 in 4 survivors is estimated to die of late recurrence or late effects related to secondary cancer and cardiopulmonary conditions, and 1 in 20 will die of other excess risk. These findings suggest that the combined impact of late effects on life expectancy is substantial and varies by cancer diagnosis and even tumor type; this underscores the importance of monitoring the health of the growing population of survivors of childhood cancer and evaluating newer therapies for patients with newly diagnosed cancer, which might be associated with decreased late toxicity.
Several long-term cohort studies on survivors of childhood cancer in the published literature (MEDLINE search of studies published in English to October 2008) describe the excess mortality risk associated with disease-and treatment-related late effects, but the most recent data from the CCSS provide the most comprehensive estimates to date on mortality as well as morbidity. Oeffinger and coworkers (12) found that more than 6% of survivors of childhood cancer report disabling or life-threatening conditions and an additional 20% report severe chronic conditions. Another group of investigators similarly estimated that nearly 25% of survivors had a high or severe burden of adverse events comprising at least 2 severe events or 1 or more life-threatening or disabling events (19). Survivors self-report not only higher-than-expected rates of cardiac, pulmonary, or oncologic conditions but also increased rates of renal disease, major joint replacement, and neurologic and neurosensory dysfunction.
In aggregate, these chronic illnesses will probably lead to other disabling conditions through multifactorial pathways and will probably adversely affect the progression of other health problems associated with aging. For example, a history of radiation therapy, which includes the coronary arteries and is used to treat many adolescent lymphomas, increases the risk for ischemic heart disease and its associated mortality. Alternatively, this ischemia may result in long-term chronic heart disease as a comorbid condition in an aging survivor with illnesses that may be unrelated to the childhood cancer. A recent analysis by Mulrooney and colleagues (20) found that young adults who survive child- As survivors age, the cumulative proportion of overall mortality attributable to background mortality increases relative to the proportion for all late effects from cancer or cancer treatment combined.
hood cancer are clearly at risk for early cardiac morbidity and mortality not typically recognized in this age group and that the cumulative incidence of adverse cardiac outcomes continues to increase up to 30 years after diagnosis. The excess risk related to therapy for childhood cancer may lead to additional excess mortality risks other than those already observed. For some survivors, the increased risk for several comorbid conditions at young ages from treatmentrelated late effects may lead to even worse survival outcomes. Our study has several limitations. First, our estimates of excess mortality risk rely on the accuracy of cause-ofdeath information obtained from the National Death Index (21, 22 ). An analysis of the participants in the Framingham Heart Study found that death certificate data correctly identified 78% to 97% of coronary heart disease and cancer deaths (23). Several large-scale survivor cohort studies have reported very similar rates of absolute excess mortality risks, however, suggesting some reliability of estimates (5-7, 24). By applying background mortality rates for the general population, we also assumed that survivors have average patterns of care.
Second, we used late-effects mortality risks from the CCSS only, and many variables are uncertain. Although other cohort studies also provide mortality risks, the CCSS is the only study to date that provides estimates by time since diagnosis and tumor type within cancer diagnoses and shows the underlying variation in mortality risks. By using probabilistic sensitivity analysis, we present the uncertainty surrounding model inputs and the effect on model estimates and provide a range of likely outcomes.
Third, given the limited sample size of the CCSS, our subgroup analyses by sex and cancer diagnosis assumed constant annual excess mortality risks for the entire follow-up. In the overall cohort of survivors, assuming a constant rate reduced the loss in life expectancy from 10.4 years (17.1%) in the base case to 9.6 years (15.7%); the lifetime likelihood of dying of recurrence increased from 0.10 in the base case to 0.12, and the likelihood of dying of nonrecurrence late effects decreased from 0.20 to 0.12. As such, our subgroup estimates may underestimate the loss in life expectancy.
Finally, our estimates also do not reflect heterogeneity in mortality risks by treatment within a given diagnosis. As treatment-specific estimates become available, our model can be used to compare the relative outcomes among different regimens. For example, our model can provide insight into how life expectancy may vary between patients with Hodgkin disease or leukemia who received treatment with and without radiation. Changes in therapies that limit exposure to highdose anthracyclines may also be modeled to determine whether the expected reduction in overall mortality is attainable. With subgroup-specific mortality estimates, we can explore whether disparities in long-term outcomes by race or ethnicity exist, because survival rates have been shown to differ by these factors in childhood leukemia (25).
Despite these limitations, our findings have several important implications for the growing population of childhood cancer survivors. First, our results suggest that the impact of late effects is greatest in the decades immediately after initial diagnosis of childhood cancer. As such, multidisciplinary surveillance of survivors' health during these years may be most important in reducing mortality. Clinicians providing ongoing care for these aging survivors should be familiar with surveillance guidelines on late effects, such as those compiled by the Children's Oncology Group (www.survivorshipguidelines.org) (26). Dissemination of surveillance guidelines to patients and primary care providers will improve coordination of care and potentially improve the long-term health outcomes of survivors. Our findings suggest that for survivors who do not have late recurrence of their original cancer, the major determinant of decreased life expectancy is the excess risk associated with subsequent cancer, which accounts for approximately 50% of all nonrecurrence excess mortality. Careful consideration of increased risk should be incorporated into clinical evaluation of symptoms, and screening should be tailored to take treatment-related risk factors into account. Most adult survivors of childhood cancer do not receive regular medical care focused on their long-term risks based on exposures. For example, many young female survivors do not undergo screening mammography, which is recommended for those aged 25 years if chest radiation was a component of childhood cancer treatment (27).
Research in health care communication that leads to better physician and patient education in this field is required. In addition, policies are strongly needed to ensure that survivors have access to their needed medical care. Compared with their siblings, survivors have lower rates of insurance coverage and face more difficulty obtaining coverage (28). As the long-term health risks of childhood cancer survivors become more widely recognized, governments, insurers, employers, and patients may face financial challenges in providing or obtaining coverage for survivor health care needs.
Changes in childhood cancer therapy have increased cure rates over the past 4 decades. Consistent with serial improvements over time, we found that survivors with the earliest dates of diagnosis (1970 to 1973) had the most pronounced reductions in life expectancy compared with those who received treatment in more recent decades (1978 to 1986 ). In our model, this improvement in outcome over time can be attributed to better maintenance of primary cancer control and to reductions in mortality from late effects. In subgroup analyses, however, we found that even if the risk for late recurrence is negligible, late effects will reduce life expectancy by 12% or more in survivors of Hodgkin disease, selected brain tumors, and Ewing sarcoma (Appendix, available at www.annals.org). This finding is consistent with changes in treatment for these diseases during this interval; the aggressive, combined-method therapies used are associated with substantial cardiopulmonary toxicities and risks for secondary cancer. More recent treatments have been developed that are directed toward maintenance of cure, along with reduction of long-term late effects. Therapies that use specific cardioprotectant medications, reduced-dose radiation, and dose-limitation of organ-toxic agents may result in improved outcomes, and as such, further analyses of the effect of these strategies on long-term mortality risk are needed.
Our estimates are based on data from survivors treated 20 to 40 years ago. Because treatment has since changed, data on survivors treated more recently can provide insight on how advances in treatment since 1986 have affected life expectancy. In 2007, the CCSS began recruiting a second set of participants who received treatment for cancer as children from 1987 to 1999 (29); however, data are not available yet. Other, smaller cohort studies (with 1400 to 2400 patients) provide some data on the AER for overall death for patients treated more recently. For example, in the Netherlands cohort, compared with patients whose cancer was diagnosed from 1966 to 1984, the AER for death overall was 7% lower among patients in whom cancer was diagnosed after 1984 until 1996 (6) . In a Canadian cohort, between the treatment eras of 1980 to 1989 and 1990 to 1995, the AER increased 5% (7). Neither study reported excess mortality risks by late recurrence and other specific causes. As better data become available, our model can be used to estimate and compare how the cumulative impact of late effects on life expectancy has changed for patients treated more recently and inform clinical trials on pediatric cancer treatment, which are increasingly informed by adverse outcomes in survivors.
Although our model predicts substantial reductions in life expectancy in survivors of childhood cancer who received treatment in previous decades, often with nowhistorical therapies, it highlights the need to minimize the use of agents associated with late toxicities for patients with newly diagnosed cancer and to follow survivors of these newer therapies to assess late toxicities. The considerable effect of these excess risks on life expectancy emphasizes the need for primary care physicians to attend not only to the risk for cancer recurrence but also to the risks for nonrecurrence side effects. For the nowadult survivors of childhood cancer, increased awareness of the long-term effects of treatment and the need to adhere to guideline recommendations by both patients and physicians can help to minimize effects on their long-term survival. 
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APPENDIX: THE CCSS
The CCSS is the largest, multi-institutional, retrospective study of persons who have survived for at least 5 years after treatment of childhood cancer in the United States (15) . Diagnoses include leukemia, central nervous system tumors, Hodgkin disease, non-Hodgkin lymphoma, Wilms tumor, neuroblastoma, soft-tissue sarcoma, and bone tumors. Germ-cell tumors, liver tumors, and retinoblastoma were excluded. With leukemia representing one third of all types of cancer, the composition of the CCSS cohort is reasonably representative of the distribution of childhood types of cancer reported in the U.S. Surveillance, Epidemiology, and End Results (SEER) cancer registry (24), except for underrepresentation of central nervous tumor (13% in CCSS vs. 22% in SEER) and overrepresentation of Wilms tumors (9% in CCSS vs. 5% in SEER).
Technical Details: State-Transition Markov Model
At the start of the model simulation, a cohort of 5-year survivors of childhood cancer enters the state-transition Markov model. Each month, they face a risk for death, characterized by:
where pr͑Die͒ ϭ probability of dying muDie ϭ rate of dying As such, each month, they either die or remain alive. The cohort is followed throughout their lifetime. The rate of dying (muDie), defined as the sum of individual competing risks, is characterized by the following equation:
mu i ͑t͒ where i ϭ 1 ϭ late recurrence mortality 2 ϭ excess mortality from secondary or subsequent cancer 3 ϭ excess mortality from cardiac causes 4 ϭ excess mortality from pulmonary causes 5 ϭ excess mortality from external causes 6 ϭ excess mortality from other causes 7 ϭ background mortality and t ϭ month since diagnosis
The total rate of dying each month was then allocated according to the ratio of each individual competing risk divided by the total rate (mu i / muDie).
For the base case, risks for late-recurrence mortality and nonrecurrence late effects mortality (that is, excess mortality from second or subsequent cancer, cardiac causes, pulmonary causes, external causes, or other causes) vary by years since diagnosis. For all analyses, background mortality risk was age-and sex-specific. Late-recurrence mortality risks were based on published estimates from the CCSS cohort (9) . We assumed that rates for laterecurrence mortality risk at 35 years or more since diagnosis remained the same as those at 30 to 34 years since diagnosis (9) ; for all nonrecurrence late effects at 25 years or more since diagnosis, rates remained the same as those at 20 to 24 years since diagnosis; and because individuals can die of only 1 cause, mortality risks were mutually exclusive.
For the subgroup analyses, mortality risks by time since diagnosis were unavailable for all late effects. We therefore used constant mortality rates for the overall follow-up period and made the following additional assumptions. For late-recurrence mortality risk at 35 years or more since diagnosis, risk was negligible; this was based on specific time-since-diagnosis estimates for the overall cohort, which showed that the risk dramatically decreased with time from 0.99% at 5 to 9 years since diagnosis to 0.05% per year at 30 to 34 years since diagnosis (9) . We also assumed that for nonrecurrence excess mortality (that is, subsequent cancer and cardiac, pulmonary, external, and other causes), risks were lifelong because overall cohort data showed that rates increased with time.
The model simulates the cohort throughout their lifetime and records cause-specific mortality, which allows the estimation of the following outcomes: lifetime cause-specific mortality probability, life expectancy, cause-specific attributable proportion of overall mortality risk by year since diagnosis, and conditional 10-year mortality probabilities. used, assuming a value of 0 for any negative numbers that occurred from sampling.
Additional Results: Model Validation
Appendix Figure 1 shows that model estimates of the proportion of deaths attributable to late recurrence, subsequent cancer, and all other noncancer causes approximated published estimates from other large population-and hospital-based cohort studies of 5-year survivors of childhood cancer at 15 years since diagnosis.
Lifetime Cause-Specific Mortality
Appendix Figure 2 shows the lifetime cause-specific mortality probability for a cohort of 5-year survivors of childhood cancer and compares the overall lifetime mortality probability with that of the general U.S. population.
Conditional 10-Year Mortality Probabilities
For a cohort of 5-year survivors of childhood cancer, the probabilities of dying within 10 years upon reaching age 40, 50, and 60 years varied by subgroup. Appendix Table 2 summarizes subgroup-specific results.
Additional Sensitivity Analyses: Univariate Sensitivity Analysis
Appendix Figure 3 summarizes univariate sensitivity analyses on select variables by using a tornado diagram.
Probabilistic Sensitivity Analysis for Selected Subgroups
Appendix Figure 4 shows probabilistic sensitivity analyses for selected subgroups. The impact of late effects on overall life expectancy seems to increase with earlier treatment eras and age at diagnosis. Appendix Table 3 shows additional results for scenario analyses. In addition to background mortality, survivors were at risk for only late-recurrence mortality; only nonrecurrence excess mortality (that is, subsequent cancer and cardiac, pulmonary, external, and other causes); and late effects for only 34 years since diagnosis (that is, after 35 years or more since diagnosis, risks for late-recurrence mortality or nonrecurrence excess mortality were negligible). CNS ϭ central nervous system; PNET ϭ primitive neuroectodermal tumor. * Negligible nonrecurrence excess mortality. † Negligible late-recurrence mortality. ‡ Negligible risk Ն35 y since diagnosis. § Conditional on surviving the initial cancer diagnosis for 5 y after diagnosis, such that overall life expectancy ϭ mean age at diagnosis ϩ 5 y ϩ conditional life expectancy.
Appendix
Scenario Analysis for Subgroups
Appendix
